A set of molecular dynamics simulations were performed to investigate the effect of cooling rate and system size on the medium-range structure of melt-derived multicomponent silicate glasses, represented by the quaternary 45S5 Bioglass composition. Given the significant impact of the glass degradation on applications of these materials in biomedicine and nuclear waste disposal, bulk structural features which directly affect the glass dissolution process are of particular interest. Connectivity of the silicate matrix, ion clustering and nanosegregation, distribution of ring and chain structural patterns represent critical features in this context, which can be directly extracted from the models. A key issue is represented by the effect of the computational approach on the corresponding glass models, especially in light of recent indications questioning the suitability of conventional MD approaches (that is, involving melt-and-quench of systems containing ∼10 3 atoms at cooling rates of 5-10 K/ps) when applied to model these glasses. The analysis presented here compares MD models obtained with conventional and nonconventional cooling rates and system sizes, highlighting the trend and range of convergence of specific structural features in the medium range. The present results show that time-consuming computational approaches involving much lower cooling rates and/or significantly larger system sizes are in most cases not necessary in order to obtain a reliable description of the medium-range structure of multicomponent glasses. We identify the convergence range for specific properties and use them to discuss models of several glass compositions for which a possible influence of cooling-rate or size effects had been previously hypothesized. The trends highlighted here represent an important reference to obtain reliable models of multicomponent glasses and extract converged medium-range structural features which affect the glass degradation and thus their application in different fields. In addition, as a first application of the present findings, the fully converged structure of the 45S5 glass was further analyzed to shed new light on several dissolution-related features whose interpretation has been rather controversial in the past.
I. INTRODUCTION
The dissolution of multicomponent silicate glasses controls applications of these materials in biomedicine and nuclear waste disposal. [1] [2] [3] Melt-derived bioactive Na 2 OCaO-SiO 2 -P 2 O 5 compositions are able to interact with a biological medium and promote regeneration of healthy tissues replacing injured or deteriorated ones. 4 The mechanism by which this goal is achieved involves several steps, but the key requirement is a fast partial dissolution of the glass, with the release in the surrounding environment of several ionic species (Ca 2+ and PO 4 3− in primis, but also soluble silica), which then control the subsequent growth of new tissues. 5 The ability to optimize the performances of these materials depends on our ability to predict the dissolution behavior of the glass from its oxide composition. The latter represents a significant challenge, for two reasons: (i) even though a number of bulk structural features (such as ion clustering and network connectivity) have been identified which affect the glass dissolution, 6 a detailed understanding of the impact of each of these features on the dissoa) Electronic mail: a.tilocca@ucl.ac.uk. URL: http://www.ucl.ac.uk/~uccaati. lution process is still missing; (ii) moreover, the individual prediction of these key structural features for a given glass composition is complicated by the multicomponent nature of these materials, with the presence of several cations of different field strength and corresponding different roles in the glass structure. Atomistic models have proven extremely useful in this context, by providing direct access to specific structural properties whose accurate and unambiguous measurement through experimental approaches can be complicated, time-consuming, or in some cases simply not feasible. 7, 8 Provided that at least some reference experimental measurements (e.g., composition-durability data) are available to guide the analysis, the simulations allow an accurate mapping of relevant structural features of a large set of potentially interesting glass compositions onto composition-structure-solubility predictive models, as in our recent exploration of silicate glasses as effective vectors of 90 Y radioisotopes. 9, 10 Another very promising modeling approach involves the use of constraint theory to predict macroscopic properties of a glass, such as the fragility; 11 however, its extension to determine the glass solubility in an aqueous environment is not obvious, whereas the present approach based on bulk properties extracted from atomistic models is already well established and relatively straightforward to extend to different glass compositions.
The essential requirement for such a simulations-led approach, besides the availability of a small reference experimental dataset, is the accuracy of the atomistic structures fed into the predictive model: the latter can only work if the structural properties extracted from the simulations are accurate. This in turn depends on the reliability of the computational framework used to produce the glass models. Because the key structural properties affecting the glass solubility fall in the medium-range, ab initio simulations 7 are not suitable to produce models of sufficient size and statistical accuracy for this purpose. Classical simulations based on empirical force fields represent a valid alternative, as illustrated by many recent studies. 6, [12] [13] [14] Different force fields have been developed and can be employed to model amorphous oxide materials, although the specific limitations of a potential must be taken into account: for instance, the shell-model potentials employed in this work, including -albeit approximately -the effects of oxygen polarizability, turn out to be necessary in order to achieve a more realistic representation of specific key features such as the Q n distribution and phosphate connectivity, 8, 15 which have a direct impact on the material properties.
Besides the representation of interatomic forces by the adopted potential, another important issue is whether and to what extent the glass structure is influenced by the intrinsic limitations of a MD-based approach to glass synthesis: namely, the small size of the simulation sample and the extremely fast cooling rates (compared to practical sizes and typical quenching rates) necessarily adopted in all MD simulations. Previous detailed explorations revealed that approximately converged short-and medium-range structural properties for amorphous silica (a-SiO 2 ) can be obtained by melting and quenching a system of ∼10 3 atoms at cooling rates around 5-10 K/ps. 16 Similar settings were subsequently adopted in a significant number of MD simulation studies targeting a wide variety of modified silicate and phosphate glasses. [17] [18] [19] [20] [21] The high quality of atomistic models obtained using MD with these settings confirmed their good transferability to systems more complex than a-SiO 2 , and for this reason they can generally be considered the "standard" for MD simulations of glasses, essentially representing a wellestablished reference to which other conditions could be compared.
Despite these successes, there have been recent suggestions that these typical (even though necessarily unrealistic) conditions may not be adequate to reproduce some key features of modified oxide glasses. For instance, the partial failure of MD models of lithium silicate glasses to reproduce the clustering tendency of modifier cations observed in NMR experiments was ascribed to the typically overestimated glass transition temperature (resulting from the fast cooling rate) of the models, which does not allow the melt to explore a critical range of temperatures at which segregation and domain growth processes occur. 22 Another suggested cooling-rate effect was the increasing structural order at both short and intermediate ranges (with lower fractions of small and large rings) with decreasing cooling rates for both amorphous SiO 2 and window glass, 16, 23 even though in this case the main changes observed were relative to very fast cooling rates of 10 3 K/ps. Du et al. 24, 25 reported different phosphate connectivities in bioactive glasses when the cooling rates were decreased by two orders of magnitude from the standard 10 K/ps rate, even though a clear trend did not emerge in their work. In this case, the fact that only the phosphate but not the silicate component was affected would seem to point to a mainly statistical effect: that is, the observed large fluctuations of the phosphate distribution may reflect inevitably large error bars due to the low P 2 O 5 fraction in the glass studied and the corresponding small number of P atoms in the simulation box. This brings in the picture the parallel issue of size effects: our previous study 8 highlighted some changes in both silicate and phosphate connectivity of bioglasses when the sample size was increased by a factor of ∼7. A recent MD study by Adkins and Cormack explored much larger system sizes, up to 1M atoms, and did not identify significant changes in the Q n distribution of modified silicate glasses. 26 These results denote that the weight that system size and cooling rate effects bear on the structure of MD-generated models of multicomponent oxide glasses is still unclear, especially for what concerns properties in the medium-range (i.e., covering around 2-10 nearest-neighbors shells). Because these same microscopic features (for instance, the connectivity of the silicate matrix) affect macroscopic properties such as the mechanical behavior or the rate of dissolution of the glass, and thus in general control its performance in many practical applications, it is extremely important to gain a better understanding of the effects induced by the computational framework on the medium-range glass structure.
In this work we aim for this target by focusing on the medium-range structure of 45S5 bioglass in models generated by a wide combination of cooling rates and sample sizes. The 45S5 bioactive glass composition (24.5 Na 2 O, 24.5 CaO, 45 SiO 2 , 6 P 2 O 5 wt. %) represents the key reference in the field of biomaterials, with many new developments based on or closely related to it. 5 Its quaternary oxide composition represents an excellent reference to understand cooling rate and system size effects in the general context of complex multicomponent amorphous oxides. The analysis presented here allows us to thoroughly expose the dependence of medium-range structural features on the cooling rate and system size used in the simulations. These trends are likely to reflect the general behavior of multicomponent oxide glasses, including but not limited to the specific 45S5 composition. A similar assumption was behind the adoption, in many MD simulations of various melt-derived glasses of different compositions, of similar cooling rates and systems sizes which previously proved suitable to produce a converged a-SiO 2 structure. [17] [18] [19] However, because the cooling-rate and size dependence of medium-range structural properties which affect the material's performance (such as network connectivity and ion clustering) has not been thoroughly assessed before, here we explore how these properties depend on the simulation conditions, which we also varied in a significantly broader range than previous similar studies. These trends should be transferable to MD simulations of other multicomponent oxide glasses and thus represent an important guide to obtain reliable models of these materials, with structural properties fully converged with respect to cooling rate and system size.
After characterizing this general behavior, which is the main goal of this work, this information is then directly applied to identify and discuss the converged values of specific medium-range structural features of 45S5, enabling us to clarify some controversial properties of this system, such as the modifier ions distribution and the connectivity of the phosphosilicate network, unbiased from cooling-rate and size effects.
II. SIMULATION METHODS
45S5 glass models were obtained by a standard MD meltand-quench approach. 12, 27 An initial random mixture of the component oxides was added to a periodic cubic box of volume appropriate to reproduce the experimental density of the glass. System sizes ranged from N = 1431 to 45 792 atoms (with corresponding cell volumes increased from ∼19 to 611 nm 3 , see Table I ). They are labeled as 1x, 2x, 4x, 8x, 16x, 24x, and 32x in the following, where nx stands for N atoms = n × 1431. Each system was heated to 3500 K and then cooled down to room temperature at different cooling rates γ between 100 and 0.1 K/ps. The lowest cooling rate accessible in each case depends on the system size: smaller systems are computationally less demanding and can be subjected to longer cooling runs. Systems up to 8x were cooled down at γ between 100 and 0.5 K/ps, whereas the lowest cooling rate was 5 K/ps for systems 16x and 24x. Only γ = 10 K/ps was used for the largest (32x) system. Additional long cooling runs at γ = 0.1 K/ps were carried out only for the 2x system.
All MD simulations were run in the NVT ensemble, with the target temperature controlled by a Berendsen thermostat. Fixing the cell volume to match the target final (glass) density throughout the melt-and-quench simulation is a robust and well-tested approach to produce a glass structure compatible with the room-temperature experimental density. 14, 19, 28 Whereas a constant-pressure (NPT) ensemble would be closer to the experimental conditions, MD simulations of the meltand-quench process may lead to inaccurate structures when performed in the NPT ensemble. 29 Therefore, MD simulations that aim at obtaining models representative of the experimental samples are normally performed at constant volume. As the target of the present work is the influence of the cooling rate on the MD models, it appears more appropriate to focus on glass models generated in an NVT ensemble, 5-100 1 32x-8. 49 10 100 1 rather than in less common (from the MD perspective) NPT conditions. After cooling the system down to room temperature, structural properties were extracted from the last 100 ps of a final run of 300 ps at T = 300 K. For system sizes up to 8x, the results were averaged over several independent glass samples (each one produced from a different initial random configuration), as detailed in Table I , whereas only one sample was used for the larger systems.
An in-house adapted version of the DL_POLY v2.20 code 30 was employed to perform the simulations, with a shellmodel potential previously developed to model phosphosilicate glasses containing sodium, calcium, and other modifier cations. 15, 31 In addition to Coulomb interactions between full formal charges on each ion and core-shell harmonic forces acting on each oxygen, Buckingham terms describe van der Waals interactions between all cations and oxygen shells, and truncated three-body terms control O-Si-O and O-P-O angles. The potential parameters had been fitted to several crystalline structures representative of the typical atomic environments encountered in the glass. This ensures a good transferability of the potential amongst different glass compositions. As already noted in the Introduction, the shell-model potential had previously proven able to provide a superior reproduction of medium-range structural features of multicomponent silicate glasses compared to rigid-ion potentials, at the expense of larger computational costs. 8, 15 The accurate description of these structural features (further confirmed by additional results presented here) is obviously the key requirement in order to explore their cooling-rate and system-size dependence, as in the present work. Whereas the accuracy of the potential to describe dynamical processes such as ion migration has not been investigated so far, the present force field appears entirely adequate to support structural investigations of multicomponent glasses as those presented here.
The core-shell dynamics was controlled through adiabatic MD, 32 which requires assigning to the shells a small fraction (0.2 amu in this case) of the oxygen mass and integrating the equations of motion through a correspondingly small (2 × 10 −4 ps) time step. The computational requirements to explore the slowest cooling rates and largest sizes with these setups are demanding: for instance, 32 ns (1.6 × 10 8 MD time steps) are needed to cool down a system at γ = 0.1 K/ps.
III. RESULTS

A. Structure factor and total correlation function
The best experimental structural data for which a direct comparison can be attempted is the total correlation function T(r), for which quantitative measures of the discrepancy are also available, which allow one to judge the accuracy of a MD model. 33 The MD T(r) can be calculated by combining the real-space partial pair distributions obtained from the MD trajectory; in order to compare it to the experimental T(r), the MD T(r) calculated in this way always needs to be broadened by the same (Fourier transformed) window function used in the experimental transformation from reciprocal space to reduce termination effects. However, this process can alter the comparison between experiment and simulations by introducing spurious differences only due to the specific windowing/convolution/FT approaches used. To remove these errors completely, I have calculated the static neutron structure factor S(q) directly from the MD trajectory (Eqs. (1) and (2)) and applied exactly the same real-space transformation to it and to the experimental S(q):
In Eqs. (1) and (2), q is the scattering vector, S αβ (q) and S(q) are the partial and total structure factors, and c a and b a are the atomic fraction and neutron scattering length of species a, respectively. The brackets in Eq. (1) denote time averaging over the MD trajectory. The calculated structure factors for different system sizes and cooling rates are compared with each other and with the experimental S(q) in Fig. 1 . The agreement appears very good, the main small differences being in the 2.3-3 Å −1 region, encompassing M-O (M = Na, Ca) and O-O distances (see below). The S(q) comparison gives a clear indication of the overall good accuracy of the present MD models, including those involving smaller samples and higher cooling rates. Previous simulations 16 had highlighted a marked dependence on the cooling rate of the short-q (<2 Å −1 ) features of the structure factor of amorphous silica, denoting important changes in the medium-range structure of the glass when the cooling rate is decreased from ∼1000 to 4 K/ps. For the systems investigated here, the lack of changes in the same region for the S(q) of models obtained at even slower cooling rates shows that γ = 10 K/ps is generally sufficient to obtain a converged medium-range structure. This conclusion likely applies not only to the reference composition investigated here but also, more generally, to multicomponent silicate glasses.
A more thorough analysis with a more quantitative assessment of the quality of the MD models can be performed in real space. 33 The total structure factors were transformed to the total correlation function T(r) according to
where 
is close to 4% in all cases, denoting excellent structural agreement between experiment and MD simulation. The main discrepancy always involves the second T(r) peak at 2.6 Å, which is higher in the models. This feature includes overlapping contributions from O-O, Na-O, and Ca-O pairs, in agreement with what emerged from the reciprocal-space comparison. Modifier ion-oxygen correlations peak around 2.3 Å 31 and the corresponding shoulder in the T(r) functions matches the same feature in the experimental function. Therefore, the main source of discrepancy appears to arise from O-O correlations, which peak exactly at 2.65 Å, even though a small contribution of the M-O tail due to secondary distances could be also involved. The low calculated R x factor shows that this small discrepancy does not affect the high reliability of the shell-model structures. The larger error that affects the T(r) function of 45S5 models obtained through a partial charge rigid-ion potential 24, 25 (R x = 8.4%) confirms the superior quality of the shell-model force field, which here appears to provide a better match with the experimental T(r) at both short and intermediate distances.
B. Ion aggregation and clustering
The tendency of ionic species to aggregate in nanosegregated regions has profound consequences on the glass dissolution. The very different nature of clustering and dissolution processes does not easily allow a single probe to target both effects. However, an indirect determination of the effect of ion clustering on dissolution involves combining simulations and experimental results. A negative correlation has emerged between ion clustering (as highlighted by simulations) and glass dissolution rate (as measured experimentally). 35, 36 This behavior reflects the higher resistance to dissolution of phaseseparated glasses, 37 and could be attributed to the lower mobility of ions trapped in clusters, spatially separated from each other and thus lacking the continuous character of ion migration channels which characterize fast-diffusing ions in glasses. 38, 39 On this matter, previous simulations suggest that the high ion dissolution rates observed for 45S5 glasses can partly reflect a more homogeneous distribution (with limited clustering) of modifier cations in this composition, compared to higher-silica bioinactive compositions characterized by much more marked ion clustering. 31 At the same time, the analysis of diffraction data 40 seems to indicate significant clustering of both calcium and sodium cations in 45S5, and spin-counting NMR experiments have recently reported the presence of clusters of 5-6 phosphate groups in a corresponding sodium-free composition, 41 even though a uniform phosphate dispersion was also recently suggested. 42 In contrast with the above negative correlation between clustering and dissolution, enhanced conductivity in thiogermanosilicate glasses was attributed to separation of a lithiumrich phase. 43 The key factor to take into account to assess whether clustering will enhance or inhibit long-range mobility and then dissolution is probably the size of the clusters. 44 If diffusing ions are confined in small clusters spatially separated from each other (as in bioactive silicate glasses), the continuity of diffusion channels needed to ensure long-range migration of mobile ions is broken and the migration of mobile ions is slowed down. However, depending on the modifier ion concentration, typical ionic clusters can reach a significant size, effectively reducing their mutual separation and establishing extended channels along which ions can migrate, leading to the opposite effect, that is, enhanced migration rates and dissolution.
It is, therefore, particularly important to assess whether the ability of MD models to reveal clustering effects could be affected by the small size of the periodic simulation box or by fast cooling rates, compared to the experimental samples and conditions. Whereas the interatomic peaks in the pair correlation functions can only provide limited insight on the clustering behavior, the latter can be investigated in detail through a more in-depth analysis of the MD models, based on detecting deviations from a homogeneous distribution of ions 14, 25, 45 and on the explicit characterization of individual clusters, 31, 46 as further discussed below.
Clustering of cations M m+ (or segregation of M m+ -N n+ ion pairs) can be effectively revealed by a higher-than-random M-M (M-N) coordination number in the models: the key quantity is the ratio R M-N between the "observed" coordination number CN(M-N) MD (measured in the MD trajectory by integrating the corresponding radial distribution function up to the first minimum 27 ) and the corresponding value expected from a random arrangement of N cations around M. 36 R M-N > 1 will then denote clustering/aggregation, with higher deviations reflecting a more marked effect. Figure 3 shows the lack of significant size or cooling-rate effects in the MD clustering analysis: the R M-N ratios for Na-Na, Ca-Ca, and NaCa pairs remain roughly constant across the whole size and cooling-rate ranges, maintaining similar values when the system size increases by a factor of 32, and also when the cooling rate decreases by two orders of magnitude. A similar situation is observed for the ratios measuring the affinity between Na and Ca modifier ions and network formers (Si and P), shown in the top panels. In this case, larger statistical fluctuations are apparent for ratios involving P, but no particular size-or γ -related trend emerges, with similar R M-N ratios calculated for 1x and 32x samples, and for samples cooled at 10 and 0.1 K/ps. The relative ordering R Na-Si < R Ca-Si < R Na-P < R Ca-P is the same found in recent MD models of 45S5 18, 25 obtained using standard settings for γ and the system size, confirming that these conditions do not influence the clustering behavior around network formers.
The present simulations show that sodium ions are uniformly distributed in 45S5 (R Na-Na ∼ 1), whereas Ca shows a slightly higher tendency to cluster in this composition (R Ca-Ca ∼ 1.1). Both ions prefer to aggregate with "like" modifier species rather than to mix with the other "unlike" modifier (R Na-Ca < 1). Moreover, both ions favor coordination of higher-charge phosphate groups rather than silicate (R M-P > R M-Si , M = Na,Ca) with Ca again showing a more marked preference than Na.
The typical size of modifier cation clusters in the models can be explicitly assessed by identifying aggregates of ions sharing the coordination of at least one oxygen atom. 9 The density (number of clusters found per volume unit) of Na and Ca clusters is shown in Fig. 4 for different sample sizes and cooling rates. Calcium ions show a higher tendency to aggregate in dimers and trimers; however, only few clusters above n = 4 are found, with no significant differences between Na and Ca above this limit, neither ions being frequently found in aggregates of larger sizes. No system size effects are apparent; only the number of Na and Ca dimers obtained for γ = 100 K/ps shows sizeable deviations from the other rates.
Another related feature is the partitioning of silicon around Si and P, which can be measured in the models by the ratio R(Si)
Si/P = CN Si-Si /CN P-Si between the Si-Si and P-Si coordination numbers, integrated up to a 6 Å cutoff to include the second neighbors in the observation. 36 Analogously, the R(P) P/Si = CN P-P /CN Si-P ratio measures phosphorus partitioning around P or Si. Figure 5 shows that, whereas Si atoms are always uniformly partitioned around Si and P (R(Si) Si/P ∼ 1), P atoms tend to be found in greater amounts around another P (R(P) P/Si > 1). This also reflects the higher Si-O-Si connectivity (see below) which excludes phosphorus from part of the region around a Si, whereas second neighbor P-P association is not limited by a similar constraint (no P-O-P links are formed in the glass). For the smallest system sizes considered (1x and 2x), the R(P) P/Si ratio is affected by large error bars, which actually tend to mask the effect noted above: for instance, preferential P-P partitioning was not spotted in Ref. 36 , with a sample size corresponding to the smallest (1x) considered here. Moreover, the P-P association becomes more evident for decreasing cooling rates, converging at 2 K/ps.
A few important conclusions on the clustering behavior are thus unaffected by either the system size or the cooling rate: (i) Na ions are uniformly distributed in 45S5; (ii) Ca ions show a higher tendency to aggregate; however, in this composition they only associate in dimers or trimers, but not in larger clusters; (iii) both Na and Ca favor P rather than Si coordination.
Whereas for higher-silica compositions the enhanced tendency for Ca-Ca and Ca-P aggregation observed for 45S5 eventually leads to a marked nanosegregation of calcium phosphate clusters separated from the compact silicate matrix, 36 for 45S5 the low silica density enables the ions to distribute more uniformly in the available space around the fragmented silicate network, with the only departure represented by small nanoaggregates of 2-3 calcium ions balancing phosphate groups. With the exception of partitioning effects around network formers as noted above, these conclusions are always the same regardless of the sample size or the cooling rate considered, implying that accurate conclusions on the ionic clustering can be reached with relatively small periodic boxes containing ∼10 3 atoms and standard cooling rates used in MD, around 10 K/ps.
C. Ring and chain nanostructures
A key feature of modified silicate glasses is the degree of cross-linking in the silica matrix: a compact, fully interconnected network as in high-silica compositions will offer higher resistance to dissolution. On the other hand, highly soluble (and bioactive) structures are much less compact, and characterized by silicate chains only occasionally interlinked to each other. 47 The prevalence of chain patterns reflects a low silica fraction: in higher-silica compositions the enhanced cross-linking across adjacent chains eventually results in their fusion to form closed rings. The transition from chain-like to ring-like structures was previously linked to the higher activation energy for the dissolution of silica species from highersilica compositions, measured experimentally. 48 However, direct evidence of these structural changes is not easily available. MD simulations provide a straightforward way to assess these effects, through the distributions of chain and ring fragments in a glass directly calculated from the model. Previous simulations confirmed the chains-to-rings structural transition as the SiO 2 content increases in bioactive glasses, and provided further insight into the easier dissolution of soluble silica units belonging to chains (terminated by Q 1 units) than to rings. 6, 47 The main question is now whether the ring and chain distributions identified in a model of these materials are affected by the spatial constraints imposed by a relatively small periodic supercell, e.g., through the fictitious structural coherence across the box edges enforced by the (artificial) cell periodicity. Figure 6 (left panel) provides a negative answer to this question. Even though the inset shows that the length of the longest chain identified in the sample increases with the size of the periodic supercell (mostly reflecting the limitation of the search algorithm 47, 49 to ring/chain sizes commensurate with the simulation box), only a very small number of these long chains were found. The distribution of chain n-mers per base T (Si or P) shown in the figure follows a very similar pattern for all system sizes, with a net predominance of small n-mers with n = 2-6. The same conclusion also applies to the ring distributions (right panel in Fig. 6 ): all ring distributions are dominated by rings containing between four and six members.
The similarity of the corresponding distributions for different sample sizes is reflected in a constant average chain length and ring size (Figure 7, left) . The mean chain length always remains around n = 3 for all system sizes explored. The average ring size is affected by large error bars for small sample sizes, due to the low concentration of rings in the lowsilica 45S5 glass, but it always remains close to six. The mean ring and chain content of the model is thus not affected by the size of the model itself.
The cooling-rate dependence of the average ring and chain size is explored in the right panel of Fig. 7 . No trend denoting an effect of the cooling rate on these structural features emerges: both average chain and ring sizes remain stable (within the error bars) with decreasing cooling rates. The only noticeable feature may be a slight increase in average ring size as the cooling rate is decreased below 5 K/ps.
D. Silicate and phosphate network connectivity
The connectivity of the glass network (NC), defined as the average number of bridging oxygen (BO) atoms per Si, 50 has a central role in the dissolution rate: lower Si connectivities denote an open network, which will dissolve faster in an aqueous environment. Invert glasses such as low-silica bioactive compositions have NC around 2 (reflecting the chainlike structure discussed above), whereas loss of bioactivity has empirically 51 been associated to NC approaching 3. Frequent exceptions to these simple rules denote that the NC alone is not sufficient to fully describe the dissolution/bioactive behavior. Another problem is that the prediction of the NC of a composition is not as straightforward when phosphate groups are present, which have a lower (but not necessarily negligible) tendency to partake in the network of covalent T-O-T connections, compared to Si. A non-negligible fraction of cross-linked phosphates entails that simple estimates of the network connectivity based on the assumption that no phosphorus atoms enter the glass network 52 may not accurately reflect the actual NC in the glass, thus making NC-bioactivity correlations even harder to assess. The phosphate speciation in 45S5 represents a controversial issue. Even though there are no doubts that phosphorus is mainly found as orthophosphate species (Q 0 (P), where the notation Q n (T) represents a T = Si or P atom connected by bridging oxygens to n other T), the existence of a non-orthophosphate fraction in 45S5 and its connection to the silicate network has often been debated. Recent 31 P NMR experiments for a corresponding sodium-free sample have highlighted the presence of a non-negligible fraction of non-orthophosphate Q 1 (P) species, which were unambiguously assigned to P-O-Si links on the basis of REDOR experiments probing 31 P- 29 Si dipolar couplings. 41 Fujikura et al. 52 also detected small concentrations of Q 1 (P) species in 45S5, which they assigned to pyrophosphate species involving P-O-P bonds, even though the existence of P-O-P links has been excluded on the basis of the experiments in Ref. 41 , and these species more likely involve P-O-Si connections. Recent similar NMR experiments, while observing non-negligible Q 1 (P) amounts in glasses compositionally very close to 45S5, did not detect Q 1 (P) species in the latter.
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All MD-based modes of 45S5 and related glasses to date, obtained with a wide variety of classical and ab initio representations of interatomic forces, consistently showed a significant fraction of non-orthophosphate species linked to the silicate network through P-O-Si bonds. 7, 14, 24, 53 Even though it can be argued that the non-Q 0 (P) fraction appears somewhat overestimated in the models, it is clear that they do not support a fully orthophosphate structure. The role of the force field on this feature has been assessed: 8 shell-model potentials lead to a lower non-Q 0 (P) fraction compared to rigid-ion potential in the same conditions (system size, cooling rate). Using a nonpolarizable potential, Du et al. 24 recently noted that the cooling rate used in the simulation seems to affect the P speciation. However, no clear trend emerged, and the lowest cooling rates employed there 24 actually yielded a non-Q 0 (P) fraction close to those of models previously obtained through a SM potential with much faster cooling rates. 8 Whereas this essentially confirmed the superiority of the SM potential in this context, a key test now involves the effect of combining very low cooling rates with a shell-model potential. The Q n (P) distribution (Figure 8 , left) does show an initial Q 0 increase and corresponding Q 1 decrease when the cooling rate decreases from 100 to 2 K/ps. However, thereafter the distributions remain stable for lower cooling rates: the Q 0 (P) values for 2 K/ps and 0.1 K/ps are essentially the same, around 90%. Rather than indicating a slow convergence towards a 100% Q 0 (P) structure, this seems to point to ∼90% Q 0 (P) as the most accurate estimate of the P speciation in 45S5, which is close to a recent 92% experimental estimate. 41 Regarding the silicon speciation, the corresponding trend for the Q n (Si) distribution in the right panel of Fig. 8 also shows correspondingly smaller variations with the cooling rate, in agreement with the trend reported by Du et al. 24 The main effect on the ternary Q n (Si) distribution is a small increase in the Q 2 amount at the expense of Q 1 , while the Q 3 fraction remains constant. As for the P speciation, the main changes in the Si case occur when γ decreases from 100 to 2 K/ps, but no further changes are observed. Rather than indicating a slow convergence towards a binary distribution with only Q 2 and Q 3 silicon species, the trend in the figure appears to point to a converged ternary distribution with 15%, 59%, and 24% Q 1 , Q 2 , and Q 3 , respectively, which is in very good agreement with the 16.8:57.6:25.6 corresponding percentages identified by 29 Si NMR in Ref. 41 . The convergence of both P and Si connectivity can be better appreciated through the logarithmic plots of the γ -dependence of Q 0 (P) and Q 2 (Si), plotted in Fig. 9 also for different sample sizes. The main changes are observed going from γ = 100 to 5 K/ps, below which the relative changes are much smaller. The plots highlight the full convergence for γ = 2 K/ps, as well as the lack of relevant size effects.
E. Asymptotic behavior
The configurational energy U for each system was calculated by averaging it over the final production run at room temperature. Figure 10 (left panel) shows the expected U increase with the cooling rate, reflecting the higher final potential energy associated to a system cooled at a faster rate, with less time available to locate a more stable configuration. 16 A logarithmic function is generally appropriate to describe the energy dependence on relaxation times in glasses. 16 The U(γ ) curves were thus fitted according to
where U 0 represents the asymptotic configurational energy for slow cooling rates. The figure clearly shows that all curves closely follow the same functional description, with U 0 = −30.712 eV/atom. The only important deviation from this asymptotic value concerns the energy of the system cooled at 100 K/ps; thereafter, the potential energy closely approaches U 0 already at γ = 10 K/ps and is converged at γ = 2 K/ps, independently of the system size. Given its similar asymptotic decay, it is tempting to apply the same analysis to the dependence of the nonorthophosphate fraction on the cooling rate. Figure 10 different sample sizes. Regardless of the sample size, the converged 10% fraction of non-orthophosphate species is reached around γ = 2 K/ps. The internal pressure of each system, averaged over the final NVT run at room temperature, is shown in Fig. 11 . The convergence patterns roughly reflect those in Fig. 10 , with the pressure rapidly converging to a value around 0.8 GPa already for γ = 5 K/ps, for all system sizes except the smallest (1x) which is converged at 2 K/ps, although the larger error bars for this system size make this exact evaluation harder. A nonzero internal pressure obviously reflects a theoretical system density of the model that does not exactly match the enforced experimental density. The theoretical density of a model can be estimated by relaxing the simulation cell in a constant-pressure MD run at room temperature started from a stable configuration, and measuring the average cell volume. For systems with an internal pressure around 0.8 GPa, the NPT run leads to a 1%-1.5% density change with respect to the experimental density. This small difference reflects the trend found for other silica-based glasses 15 and confirms that the combination of shell-model force field and constant experimental density conditions does not introduce a significant internal strain in the bulk glass models.
IV. DISCUSSION AND FINAL REMARKS
Common cooling rates and system sizes used in molecular dynamics simulations of melt-derived glasses differ by many orders of magnitude from realistic values. Despite this potentially serious underlying issue, the success of many previous MD-based approaches in producing accurate models of different types of glasses, in general, represents a good indication of the robustness of the MD melt-and-quench synthesis with conventional setups. The growing strategic importance of multicomponent silicate glasses in fields like biomedicine or nuclear waste disposal, where the glass degradation plays a crucial role, 1 now demands accurate atomistic models of these systems and, in particular, of structural features which directly affect the dissolution of the glass. One key question concerns whether these features can be fully reproduced through "standard" parameters (γ ∼ 5-10 K/ps, N ∼ 10
3 ) still employed in most MD studies of glasses, based on previous assessments of the convergence of a range of structural properties for amorphous SiO 2 . 16 Whereas the above considerations and a number of MD studies of bioactive glasses 6 seem to point to a positive response in this sense, no in-depth assessments of this issue have appeared. The present investigation is also prompted by the current wide availability of computer resources far more powerful than one or two decades ago, which in principle would allow modeling the melt-and-quench synthesis of a glass through much more realistic (and CPU demanding) cooling rates and system sizes, if these more demanding simulations were proven necessary to achieve more accurate models. The present study has thus investigated the γ -and size dependence of structural properties of a reference multicomponent glass, covering "extreme" cooling rates and system sizes which would not have been accessible only a few years ago.
The focus was on bulk structural features which directly affect the glass dissolution: connectivity of the silicophosphate matrix, ion clustering, ring/chain structural patterns. The results highlight that most properties are sufficiently converged at standard cooling rates and system sizes: mediumrange structural properties based on models obtained with these parameters can, in general, be considered reliable and statistically accurate. The excellent agreement between the experimental neutron diffraction patterns and the corresponding MD results obtained with essentially all simulation setups further supports this conclusion. Combined with the good agreement with NMR data, this also confirms the high accuracy of the shell-model potential used to obtain the structural models. A slower logarithmic convergence with the cooling rate has been found for the configurational energy and the Q n distributions: cooling rates around 2 K/ps are found to lead to fully converged values in this case, although much larger changes are observed going from fast (100 K/ps) to standard (5-10 K/ps) rates than below. Size effects are even less marked: only in the case of partitioning/clustering of network formers around other network formers (probing the second neighbor's coordination shells) systems smaller than ∼3000 atoms could lead to inaccurate conclusions, if the error bars are not taken into account.
The present simulations thus explicitly show that, provided that the cooling rate is no larger than 5-10 K/ps, cooling rate effects do not influence the medium-range structure extracted from MD models of multicomponent glasses (including binary and ternary alkali glasses and bioactive compositions) to a significant extent. Because, as mentioned before, this general behavior is expected to hold for multicomponent glasses, in general, these findings provide some new insight into the cases mentioned in the Introduction. For instance, because the clustering of modifier ions does not appear to be enhanced even at significantly lower cooling rates, the discrepancy between the cation clustering behaviour of MD models and experiments in lithium silicate glasses 22 is most likely not a consequence of the fast cooling rate used in simulations, or of the correspondingly higher glass transition temperature of the models compared to the experiment (it should be added that the latter is a common feature of MD models, 18 , 31 but it does not seem to affect medium-range features such as clustering). Other causes could be involved in this case, such as the force field employed.
On the other hand, fast cooling rates above 10 K/ps can indeed result in significant deviations of medium-range structural features from their converged, accurate values: see, for instance, the broader Q n distributions for γ = 100 K/ps in Fig. 8 , an effect which mirrors the more disordered structure observed in fast-quenched models of window (Na 2 OMgO-CaO-Al 2 O 3 -SiO 2 ) glass, with respect to slowly annealed models. 23 In addition to these non-bioactive compositions, the present analysis generally supports the main conclusions of previous MD-based models of bioactive glasses, obtained with typical system size and cooling rates around N ∼ 10 3 and 10 K/ps, respectively. Most phosphorus atoms in 45S5 are present as isolated orthophosphates (PO 4 3− ), but a nonnegligible fraction (around 10%) of phosphorus atoms are linked to the silicate network through a single P-O-Si link: no evidence has emerged here showing that decreasing cooling rates will eventually lead to an orthophosphate-only structure. Recent MD results for this glass 24 may thus be interpreted as reflecting the large statistical fluctuations in the phosphate distribution due to the low P 2 O 5 fraction in the glass studied, and the corresponding small number of P atoms included in the simulation.
Moreover, compared to sodium ions (whose distribution in the glass is essentially random) Ca 2+ shows a higher preference to associate with other Ca 2+ and with PO 4 3− . A similar preference is observed for P-P partitioning, compared to P-Si. Whereas these preferences can lead to marked segregation of calcium phosphate clusters in higher-silica compositions, 6 only very small clusters (comprising 2 or 3 Ca ions) are detected in significant amounts in 45S5 models. The overall cation distribution in this glass can thus be considered relatively homogeneous, at least compared to higher-silica glasses. The MD description seems to match more closely the random dispersion of phosphate species recently inferred through NMR experiments 42 than a structure with significant Na and Ca clustering (inferred from neutron diffraction data 40 ) or even one containing nanosized heterogeneities made of 5-6 phosphate units, suggested on the basis of other NMR data. 41 However, it should be noted that the NMR experiments did not directly probe the cation distributions, and the latter description could still be compatible with a structure where calcium and sodium ions are mixed and inter-dispersed within small phosphate aggregates, some of which connected to the silicate network, as suggested by the models. Direct NMR assessments of the Na and Ca distributions would be needed to fully resolve this issue.
Regarding size effects, the detailed analysis performed here does not highlight significant changes in the mediumrange structure over a size scaling factor of ∼30. This confirms the trend reported recently for sodium silicate glasses. 26 In general, no particular advantages seem to arise from increasing the simulations system size by 1-2 orders of magnitude; however, it is important to take into account the much larger statistical fluctuations of structural properties extracted from relatively small (∼1000 atoms) models, possibly by averaging over several independent models. Some apparent slight changes in network connectivity for 45S5 with system size 8 are probably only reflecting fluctuations of the smaller samples.
MD simulations often represent the only way to directly access specific atomistic features such as ion aggregation and network connectivity, enabling one to reveal elusive correlations between these features and macroscopic properties such as the glass durability. These correlations can, in principle, be used to make reasonable predictions of macroscopic properties: provided that some reference experimental data (e.g., a few composition-solubility points) are available to help building and validating a predictive model, it is possible to develop MD-based tools for estimating the solubility of glasses based only on structural descriptors extracted from the simulations. 10 MD simulations thus have the potential to be used as predictive tools, the main limitation being the need of an experimental reference to support the initial refinement of the predictive model.
It was previously noted 16 that the cooling rate used in the simulations seems to have a much more marked effect on microscopic quantities, than on macroscopic ones such as density and thermal expansion coefficients. As the glass solubility represents another macroscopic property linked to the microscopic structure in the medium range, it is plausible that limited cooling rate or size effects on the medium-range structure as those identified here bear no important consequences for rationalizing the dissolution behavior. In other words, even in the few instances discussed above where the unrealistic setups used in the simulations may lead to some specific structural features not in complete agreement with the experimental predictions, this will hardly compromise the efficacy of the MD-based data to rationalize and also (in combination with suitable experimental data) predict some relevant macroscopic properties of the material.
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